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NOMENCLATURE
: fluid pressure 
INTRODUCTION
The demand of the micro parts has been significantly increased due to product miniaturization in medical field, electronic devices and micro-mechatronics systems for automotive industry. In particular, the micro parts with high dimension accuracy, further miniaturization, and complex shapes are required to improve the performance of these devices. Micro forming becomes more and more popular to fabricate these micro parts, Geiger et al. (2001) . However, the knowledge of conventional macro forming cannot be simply scaled down to micro scale due to the size effect. When the size of components is reduced from macro scale to micro scale, the formability decreases due to the tribological property and the decrease of thickness in micro forming. For the tribological properties in micro forming, theoretical analysis was performed by Engel (2006) and Putten, et al. (2007) . The research showed that the friction force increases with the decrease of scale due to the decrease of the lubrication effect in micro scale. This phenomenon was experimentally verified in upsetting test by Weidel et al. (2009) and in actual forming process by Vollertsen et al. (2006) . For the forming limit in micro forming, the decrease of forming limit in micro deep drawing as the thickness of the blank decreases has been clarified by Vollertsen (2012) . Moreover, the manufacturing of the tiny tools becomes difficult as the size of the tools is miniaturized.
In this study, a novel forming method "micro hydromechanical deep drawing (MHDD)" is focused to solve these problems. Male die that is easy to manufacture in practice has been only adopted. Also, it can be expected to improve the drawability due to several advantages in hydromechanical deep drawing process. In macro hydromechanical deep drawing, it was reported that the decrease of friction occurred due to leakage between blank and die, Zhang (1998) . Moreover, the drawing ratio in the hydromechanical deep drawing is higher than that in conventional deep drawing due to the several fracture restraint effects, Nakamura (1984) . However, it is not certain that these effects in macro hydromechanical deep drawing would occur in MHDD due to the size effects. In this study, a theoretical model for MHDD has been developed to investigate the size effect on deformation behavior in micro hydromechanical deep drawing. The tribological property and forming limit in MHDD are clarified.
THEORY
In order to explain the characteristics in micro forming, the size effects should be considered in the theoretical model. In particular, the size effect of tribological property is important to describe the friction condition in MHDD and the effects of fluid pressure should be considered. Figure 1 shows the geometrical parameters in MHDD process in present work. As described in Fig.1 , the curvature of the die radius area is assumed as the same with the male die radius .
Geometrical description
Assuming that the volume of the blank and thickness are constant, the current rim position can be obtained by
where 1 , 2 , 3 and 4 are the volumes at die shoulder radius, side wall, punch shoulder radius and punch bottom areas respectively. These values can be expressed by
Based on the theory of Manabe et al. (1992) , the contact angel with the punch stroke s is given by
where
Basic equations
The constitutive equation of the blank material is
Using Tresca's associated equivalent strain and a mean radius of the whole flange, Kawai (1961) , the mean equivalent strain ̅ eq in the flange area can be expressed as
In deep drawing of a circular blank, the drawing stress φ can be expressed by the pure drawing stress D , friction stress F , bending stress B and unbending stress UnB . The drawing stress can be obtained by
Therefore, the punch force in the conventional micro deep drawing (MDD) can be given by
In MHDD process, it is assumed that the blank does not contact with the die due to the hydrodynamic lubrication between the blank and the die. It means that the friction coefficient between the blank and the die is assumed =0. Moreover, the fluid pressure plays a role in blank holder stress at flange area. From these assumptions, the punch force in MHDD process can be obtained by
It is assumed that the hydrodynamic lubrication is obtained when the fluid pressure exceeds the contact pressure in die radius area. The required fluid pressure to leak between the blank and die is expressed as
Modeling of friction coefficient in MHDD Roughness valleys should be considered when tribological property of macro forming is studied. The valleys which connect to the edge of the blank cannot keep the lubricant as shown in Fig. 2 . These are named outer pockets. The pockets which can keep the lubricant are named inner pockets. With the decrease of scale, the ratio of areas of outer pockets to blank surface increases. Therefore, the lubricant cannot be kept which results in increase of friction force.
On the other hand, if the fluid medium is inserted in outer pockets in MHDD as shown in Fig. 2 , the lubricant can be kept at outer pockets in MHDD. The tribological properties of the conventional MDD and MHDD will be different. To model the tribological property in MHDD, the friction coefficient in the flange area is calculated with considering the ratio of outer pockets to inner pockets. When the flange area is larger than outer pockets area ( < o − 1 ), using the scale factor , the mean friction coefficient at the flange area is obtained by
The width of outer pockets w does not change when the scale becomes small. In the macro case, the scale factor is close to ∞, and in the micro case, is close to 0. Also, when the flange area is smaller than outer pockets area (w ≥ o − 1 ), the mean friction coefficient at the flange area is obtained by
Analytical conditions
The material used for analysis was stainless steel (SUS304-H) with the thickness of 50 µm. The mechanical properties are shown in Table 1 . The tool dimensions used in MDD and MHDD are shown in Table 2 . The fluid pressure and blank holder pressure were set up to = =50MPa. It was assumed that the blank holder pressure was constant during the forming. Five types of lubrication conditions in MDD and MHDD were used for calculation as shown in Fig. 3 . In MDD, dry friction and lubricant were adopted. In MHDD, no sealing, with sealing and perfect lubrication conditions are used. The hydrodynamic lubrication between the blank and the die was assumed under the conditions of no sealing condition. In the case of sealing condition, the hydrodynamic lubrication and lubrication at outer pockets were assumed. In the case of perfect lubrication condition, there was no friction. The friction coefficients in each case are shown in Table 3 . Figure 4 shows size effects of tribological property under various lubrication conditions. In MDD of dry friction condition (condition a), the friction force is constant when the scale becomes small. However, in MDD of lubrication condition (condition b), the friction force increases with the decrease of scale. It is caused by the increase of the ratio of areas of outer pockets to blank surface. These phenomena are similar as that obtained by Putten, et al. (2007) . On the other hand, the friction force can be significantly decreased by the hydrodynamic lubrication between the blank and the die in MHDD process (condition c). Moreover, in the case of sealing at blank rim area (condition d), the friction force decreases with the decrease of scale which is opposite to the tribological property in conventional micro forming processes. When the fluid medium leaks between the blank and the die, the space at the blank rim area is filled up with the fluid medium. Therefore, the fluid medium inserts to the outer pockets and the friction at outer pockets area decreases. This phenomenon can effectively decrease the friction force especially in micro forming where the ratio of areas of outer pockets is high. It is expected that the tribological property can be improved in MHDD process.
Forming limit in MHDD
In MDD and MHDD, the relative punch diameter p ⁄ is an important parameter and ranged from 10 to 100. When the scale reduces to micro scale, p ⁄ becomes small due to the limit of decreasing the thickness of metal foil. This means the thickness in MDD and MHDD is relatively thicker than that in conventional deep drawing. Figure 5 shows the effects of p ⁄ and drawing ratio ( = o p ⁄ ) on the normalized maximum punch force under various lubrication conditions. When the normalized maximum punch force exceeds 1, the applied load exceeds tensile strength and fracture occurs. The normalized maximum punch force increases with an increase of p ⁄ as shown in Fig. 5(a) . The normalized pure drawing force is almost constant regardless of p ⁄ . However, normalized friction force increases with an increase of p ⁄ . This causes the increase of normalized maximum punch force and the decrease of forming limit. The same phenomenon was experimentally observed by Saotome et al. (2001) . On the other hand, with an increase of the drawing ratio, the normalized maximum punch force increases rapidly as shown in Fig. 5(a) . This is also mainly caused by the increase of friction force.
It is similar when lubricant is applied as shown in Fig.  5(b) . In particular, when drawing ratio is low, there is no lubrication effect, and the friction force in MDD with lubrication condition is almost as same as that under dry friction condition. This is caused by low ratio of areas of inner pockets to blank surface. On the other hand, the friction can be reduced in MHDD process as shown in Fig. 5(c) and, (d) . Friction force decreases significantly in MHDD with sealing no matter what drawing ratio is. The fluid medium is kept in the valleys in outer pockets area due to the sealing at the blank rim. Therefore, even if the ratio of areas of outer pockets to blank surface becomes high with the decrease of scale, the friction force keeps low in MHDD process. Furthermore, assuming the perfect lubrication condition as shown in Fig. 5(e) , the normalized maximum punch force does not exceed 1 even when =2.5. From these results, it can be found that the high forming limit can be obtained due to the decrease of friction force in MHDD process. 
Required fluid pressure for leakage
To obtain the hydrodynamic lubrication in MHDD process, it is important to understand the required fluid pressure for the leakage between the blank and die. The required fluid pressure in MHDD is not the same as with the conventional macro hydromechanical deep drawing due to the difference of p ⁄ . With a decrease of p ⁄ , the thickness becomes relatively thicker and the contact pressure between the blank and the die becomes larger. This causes the required fluid pressure increases as shown in Fig. 6 . Specially, the required fluid pressure becomes extremely high in the range 10< p ⁄ < 100. However, high fluid pressure results in fracture at punch shoulder in MHDD, Manabe et al. (2012) . The required fluid pressure for leakage can be reduced by increasing the die shoulder radius d , and the flow stress of metal foil. Figure 7 shows the theoretical and experimental results of normalized punch force-stroke curves in MDD and MHDD. The theoretical and experimental results in MDD have a good agreement, but have a large difference in MHDD. The friction force in MHDD cannot be easily decreased by applying fluid pressure in experiment. It is difficult to realize the hydrodynamic lubrication due to small p ⁄ in MHDD as shown in Fig. 6 although friction force decreases theoretically by the increase of outer pockets with the decrease of scale as shown in Fig. 4 . Therefore, it is necessary to clarify the effects of p ⁄ and outer pockets on the friction force in MHDD experiment in future.
Comparison of punch force-stroke curves between experiment and theory

CONCLUSIONS
The size effects of tribological property and forming limit in micro hydromechanical deep drawing have been investigated using a simple theoretical plastic model. This study can be summarized as follows:
(1) The tribological size effect in MHDD was modeled in the theoretical model, based on the assumption that the lubricant can be kept at outer pockets by applying fluid pressure. (2) The friction force in MHDD decreases by maintaining the lubricant at outer pockets area with the decrease of scale, while it increases in conventional MDD. (3) The forming limits in MDD and MHDD decrease with an increase of the relative punch diameter p ⁄ due to the increase of the normalized friction force. To improve the forming limit, it is effective to apply fluid pressure and realize the hydrodynamic lubrication in MHDD process. 
